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R A T I O  O F  0.6 AND IRTIWING TO AXIAL DlREcTIOpl 

I1 - STAGE PEBFORMANCE WITH 'IDBE D D F E 3 I i T  SETS OF STATORS 

An impulse-type  supersonic compressor designed for  turning t o  the 
axial direction was tested in air with  three  different sets of stator . 
blades at eight angle  settings. Although the performance of the r o t o r  
alone w a s  good, i t s  combination with s ta tors  resulted i n  a severe  reduc- 
t i o n   i n  range of w e i g h t  flow and low values o f  over-al l  pressure  ratio 
and adiabatic  efficiency. 

In the range of stator-inlet  r e l a t i v e  Mach numbers studied ( i .e., 
1.4 o r  less),  most of the  losses occur as a r e s u l t  of secondary flaws, 
f r ic t ion,  and mixing of the nonuniform Mach number and energy levels that 
come from the rotor. These results  indicate  that, in  addition to good 
over-al l  performance, the rotor muat deliver air with nearly uniform 
stator-entrance conditions (total-pressure ratio and efficiency) and -1 
end-region boundary layers before  satisfactory stage performance  can be 
attained. 

Although the development of inpulse-tme supersonic-compressor ro to r s  
has progressed t o  the  point where high  over-all  pressure ratios m e  ob- 
tained at relatively  high  adiabatic  efficiency,  efficient  diffusion of the 
high outlet  velocity i s  necessary for satisfactory  stage perfarmance. 
(Impulse-type  denotes l i t t l e  o r  no static-pressure rise Fn the rotor, thus 
postponing most of 'che diffusion  to  the  stator.) In early work, such a6 
reference I, there w a s  optimism about the ease of diffusion from Mach num- 
bers as high as 2.5. For instance, it w a s  stated that stage pressure 
ra t ios  between 6 and Lo could be obtained with adiabatic  efficiencies 
between 70 and 80 percent. This work w a s  based on analytical  relations 
and a limited amount of cascade testing. Ln the cascades, which w e r e  two- 
dimensional i n  nature, i n l e t  flow was uniform as t o  direction a d  Mach 
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nuniber, and the wall-boundary layers were usually removed before the 
stator  entrance. In addition,  variable geometry was sometimes  employed 
t o  improve the flow conditions after starting. 

Reference 2 indicated that the   qp l ica t ion  of two-dimensional s ta tors  
(designed  according - to   the method of character is t ics   for  an i n l e t  Mach 
number of 1.79) t o  an impulse-type rotor was rather dieappofnting . Ap- 
plication of stators  a t  design  rotor speed  reduced total-pressure  ratio 
from 3.2 t o  2.7 fo r  a r a t io   o r  "recovery  factor" of about 0.85 a t  inlet 
Mach nuniber of 1.6. Theee teat   resul ts ,  w h i c h  were obtained i n  Freon-l2, 
showed a large  increase h total-pressure loss with  increasing inlet 
re la t ive Mach number. The same observation w a s  m a d e  in  reference 3 f o r  
a  set of statore destgned f o r  an inlet Mach rimer of 1.8 a t  a higher 
i n l e t  flow eagle. The recovery  factor of these stators a t  h c h  1.8 WBB 
0 -56. 
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During tests of  a rotor tha t  turned to the axial direction at all 
radii (ref.  4) it was found possible to  stabilize a shock i n  the rear 
part  of the rotor  itself, thus  depmting from true impulse-type operation. 
Under th i s  type of operation-the  rotor-outlet  Mach number was reduced 
considerably  without drastic reduction of the adiabatic  efficiency. For 
instance, near design speed, Mach  number could be reduced  from  1.9 t o  b 

1.5 with the change In preesure  ratio from 5.6 t o  5.25 (ref. 5) . AB 
reported i n  reference 5, for stators  i n  which pressure  recovery  decrease8 
rapidly a t  high Mach numbers, the optimum match point between the rotor 
am2 i t s  s ta tor  would be a t  a rotor-outlet Mach number (as w e l l  aa pres- 
sure ratio and rotor  efffciency) lower than that obtained at the highest 
pressure  ratio and efficiency of the  rotor  alone. 

% 

The rotor used in the present  investigation, the performance of 
w h i c h  w a s  reported  in  reference 6, was similer t o  that jus t  discussed, i n  
that the turning was t o  the axial   d i rect ion and t ha t  it was possible to  
obtain  considerable  deceleration  within  the  rotor. Th i s  16-inch-diameter 
rotor, however, w a s  designed f o r  a lower t i p  speed of 1400 f e e t  per sec- 
ond,  had inlet @de vanes and an i n l e t  hub-tip r a t i o  of 0.6, and was 
stressed  to  operate in  air. (Previous  rotor B were designed for  1600-ft/ 
s ec   t i p  speed and  were tes ted in  Reon-12.) As  reported  in  reference 6, 
the  rotor performance a t  90-percent  design  speed had a peak pressure 
r a t i o  of 3.7 a t  an adiabatfc  efficiency of 0.86. For s ta tor  work the 
average out le t  Mach nuuiber of 1.4 appeared to  present less d i f f icu l ty  
than the higher Mach nunibers of references 2 and 3. 

Two se t s  of high-solidity  supersonic  stators were designed, and one 
set of exist3ng  double-circum-arc  stators was modified for   these  tes ts .  
In an e f f o r t   t o  determine the  source of the stator  losses, a 26-tube 
total-pressure rake was used t o  determine  pressure at l82 points  behind 
a single blade channel, and 20 static taps were placed on the opposing 
pressure and suction s u r f a c e s  of two adJacent  blades. All tests were con- 
ducted in air a t  the NACA Lewis laboratory. J 
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The apparatus used f o r  the  tests  reported  herein was exactly the 
m e  as that for  reference 6, except f o r  the  stators and the inner fair- 
ing behind the rotor .  A schematic  sketch of the  instal la t ion i s  given i n  
figure 1. As shown i n  f igures 1 and 2( a), a straight cylindrica,l fair- 
was used for the f irst  series of tests,  and a  double conical  fairing 
piece was added l a t e r .  Lnstrument stations used are mribered in these 
figures  consistently with reference 6. The three  seta of stators  are 
discussed  separately, and the design de ta i l  is presented  at  the  beginning 
of each section. 

I N S T R ~ I O r 7  
41 : 
P A t  s ta t ion 5, between the  rotor and stators,  the same ty-pes of in- 
r;' 
3 Fn addition t o  two split-shield thermocouples and a claw-type y a w  probe, 

struments  used md illustrated in  reference 6 were used. A t  s ta t ion 7, 

u 
a a 26-tube total-pressure  rake was mounted. This rake had 0.040-inch- 

diameter  tubes on 0.1-inch  centers at an angle of 9' with the compressor 
a x i s .  The tubes were on an arc conforming t o  the mean radius .  Radial 

over a full range of Mach nwiber and pressure  level i n  a separate 
f a c i l i t y  . 

r surveys were made w i t h  each instrument. All instruments were calibrated 

In addition to the w a l l  s ta t ic   t aps   a t   the  measuring stations,  a row 
of taps was  placed on the  outside w a l l  at 1/2-Fnch axial  intervals, along 
the  centerline of the original  passage formed by two blades of the first 
configuration. The location of these  taps i s  given in  f igure 2( a) . On 
the  surf  ace of two adjacent  blades, at the  pitch  Use,   ten  static taps 
were installed on the  pressure and suction  surfaces at 1/2-inch &al 
intervals (fig. 2 ( a ) )  . 

With ou t l e t  -throttles wide open to the  laboratory exhaust system, the 
desired  equivalent speed was set. Back pressure w a s  increased by throt-  . 
tUug in  the collector  until  audible surging occurred. T e s t  points were 
taken at each speed to cover the weight-flaw range from open t h ro t t l e  t o  
surge. Because of the effect  of the instruments on back pressure, it was 
necessary t o  run each  survey  sepaxately  with all other  instruments drawn 
up t o  the wall. 

c 
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All readings of temperature, total pressure, and static  pressure 
were corrected for Mach nmber and total-pressure-level  effects, as ap- 
plicable,   in a conventional manner. The indiv idua l  readings from the 
26-tube tatal-pressure  rake were averaged arithmetically at each radial 
station, and these  values were mass-welghted in the radial. direction to 
obtain a single outlet   pressure.   Static pressure was assumed t o  be W- 
form in  the  circumferential  direction at the  rear measuring s ta t ion  7. 
All performance permeters  are  corrected  to stanaa;rd sea-level  conditions. 

In  order t o  make valid comparisons of over-all adiabatic efficiency 
and pressure  recovery  for the various blade settings and configuratione, 
it was necessary t o  avoid masking the effect  of the  configuration change 
by random scat ter  of data. A s  shown in   f i gu re  3, the s ta t ion 5 pressure 
r a t io s  from the s ta tor  tests agreed with data from rotor tests within the 
same scat ter  band. The effect  of blade reset t ings was frequently small. 
and often of the same magnitude as these devlations from the average. 
Similarly, measurements  of Mach number and energy addition were subject 
to  random error.  I n  order to minimize the effect  of  such variations and 
t o  allow comparrisons  from blade t o  blade and sett ing t o  setting, consistent 
values of rotor-outlet pressure r a t i o  and Mach  number were established, 
since  addition of the   s ta tors  appeared t o  have very l i t t l e  effect  on per- 
formance a t  the  rotor  discharge. Each parameter was plotted  against   inlet  
equivalent  weight f l o w  f o r  a large number of data points, and a smooth 
curve was faired through the points. The values from these  curves were 
used fo r  average stator-inlet conditions at the mzasured rotor-inlet  
equivalent weight  flow. 

% 
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Because of the large amount of m i x i n g  and secondary f l o w s ,  large 
circumferential  variations of temperature were observed at s ta t ion 7 .  I n  
order t o   ge t  more representative  values of (T7 - To)/To for  efficiency 
comparisons, it was necessary  to use a faired curve  based on temperature 
data at s ta t ion  7 from the  rotor tests. As sham i n  figure 4, the  values 
used were-generally  higher than the scattered values obtained wtth stators 
instal led.  For this reason, the efficiencies  presented  are  considered 
conservative and fair. 

Results of the tests of the three sets of s ta tors  are presented  sep- 
arately. The various  stator  configurations are compared i n  passing, and 
some general  observations are made 'in a separate  section.  First, however, 
it seems desirable to present the flow conditions at the  stator  entrance 
fo r  weight flows near the  deaign  point.  Station 5 data from t e s t s  of the 
rotor  alone were  used for stator design. For reference purposee, the 
rotor  characterist ic maps (i.e.,  pressure  ratio and adiabatic  efficiency 
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against  equivalent weight f l o w )  are given in  figure 3. As shown i n   f i g -  

along the curves  determined in  tests of the r o t o r  &one. 
.L w e  3, pressure ratios observed a t   s t a t ion  5 with stators installed fall  

A more dewled   p i c tu re  of statmr-entrance flow is shown in   f igure  
5; that is, the radial variations of Mach nmber,  pressure  ratio, flow 
angle, and energy addition are given for w e i g h t  flows near the stator 
design  point. Two test points from the  station 5 measurements with sta- 
t o r s  instal led  are  Fncluded. A fairly uniform variation in flaw angle of 

LN 

W 
m about llo t o  14O exists f rom hub t o  t i p .  Further, there i s  a sh i f t  of 
+ about 5' f o r  the  range of weight f l o w  covered. The radial variation of 

absolute Mach nuniber shows f a i r l y  good agreement between the rotor-alone 
case and the case where stators are installed. However, the actual var- 
ia t ion of Mach nuniber i s  nonuniform and vazies  considerably with inlet 
weight f l o w .  The trends  exhibited by the total-pressure r a t i o  a t  s ta t ion 
5 axe virtually the 8am.e as f o r  the  absolute Mach number. As stated in  
the  design  section of reference 6 i n  specifying  radial-element  blades and 
turning t o  the axial direct ion  a t  all radii, a radial gradient of energy 

in figure 5 as  a plot of temperature rise divided by i n l e t  temperature 

i s  given  by  the dashed line. 

- addition i s  set up at the  rotor exit. The actual energy addition is shown 

( T5 - %I/% aQ a ins t  r a d i u s  ratio;  the  design  gradient of ( T~ - % ) / T ~  
w 

Matching Rotor and Stator 

The characterbtic  curves of adiabatic  efficiency and pressure r a t i o  
against  equivalent weight f low are given in figure 3 f o r  the r o t o r  alone. 
A t  the  higher t i p  speeds the chazacteristic of this rotor i s  that the peak 
efficiency and peak pressure r a t i o  occur at peak w e i g h t  flow. This trend 
exis ts  even when there i s  a shock in   the  rear  of the rotor and true impulse 
condition i s  not  attained.  Reference 5 points  out that, where recovery 
decreases  rapidly with increasing Mach number, the optimum match point 
between rotor and stator may not OCCUT at, the best  rotor performance 
point because of the  rapid  decrease in Mach nwiber as the impulse  condi- 
tion is  reached. The design  or match point f o r  the tests of stator  1 was 
chosen from preliminary data as P5/Po = 3 -5, = 0.835, 85 = 48O, and 
% E 1.3. Later data and s-tly different fairing as reported i n  ref- 
erence 6 g i v e  the following data f o r  the average flow angle of 4 8 O :  
wh/zs78% = 22.3, P5/Po = 3.5, % = 1.38, and qad = 0.842. This l a t t e r  
point i s  termed the  design match point for the t e s t s  of stator  1. 

- 

At lower than design ro to r  speeds, the choking c q a c i t y  of f ixed 
stator blades  prescribes m operating line that prevents  passage of the 

weight flow which may be passed  through a given  area a t  a f ixed  total  
pressure and temperature is a function of Mach  number only: 

c full rotor weight flow. The following equation ehows that the m a x i m u m  

- 
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(All symbols are  defined  in the appendix. ) 

For choking a t  the min imum mea, M = 1 .O, and the  value of the   r igh t  
side of equat ion.f l )  i s  0.578. The dashed l i ne  in figure 3 shows t h i s  
l imitation on the  rotor  characterist ic curve f o r  an mea of A, cos 48O, 4 
which corresponds to  the  design  sett ing angle. Rotor weight flow8 above 
th i s   l imi t   l ine  w i l l  not  pass  through  the fixed s ta tors  even with isen- 
t ropic  compression from their  free-stream Mach m e r  t o  Mach 1.0. I n  
any actual   s ta tor   instal la t ion,  some losses in pressure and build-up of 
boundary layer w i l l  occur between s ta t ion 5 and the throat, so that a 
further  decrease in peak weight  flow i s  t o  be  expected. 

a 
(0 
rr) 

Stator 1 - 
Description and design. - The f i r s t  set of s ta tors  was designed for 

the approximate rotor-exit f l o w  condition a t  90-percent rotor  design 
speed using an average Mach number o f  1.3 and a flow .angle of 48O.  Later - Y 

and more complete tests showed that the Mach  number a t  the 48' angle WBE 
1.38. In order t o  allow mom for  instrumentation, o n l y  20 blades were 
used. An axial  length of 5 inches resulted from a specified  solidity of 
about 2.5. Turn ing  of 40' was specified, and both  subsonic and supereonic 
deceleration were t o  be accomplished i n  a single s ta tor  row. Minimum area 
was at the  closed channel entrance ( see f ig.  2( a) ) , and the  contraction 
r a t i o  from a 48O streamtube. w a s  1.014. Design blade  section was deter- 
mined a t  the mean radius  using averaged rotor-discharge  angle and Mach 
number, and the blade was untwisted; hence, there was a constant blade 
prof i le  a t  all radii. The blade design method consisted in as13u1ning an 
absolute and a tangential  velocity  variation  along the  axis,  thus  deter- 
mining a blade mean l ine .  Assumfng isentropic flow, the  vaziation of  area 
necessary to f u l f i l l  these assumptions was then  found. Although the mean 
l ine  was based  largely on experience, a rough check of blade  loading waa 
made using a l inearvar ia t ion  of velocity  across  the channel according t o  
the method of reference 7.  In o r d e r t o  reduce  the  subsonic  deceleration 
rate,  an arbitrary  height  ratio of 1.25 was applied t o  the l a t t e r  half of 
the channel i n   t h e  form of a cone of  about 5 .So half angle (see  sketch, 
f i g .  2( a) ) . From the  resulting  area  variation a blade  profile was drawn, 
and then a boundary-layer and loss allow&hce of -15 percent of the mean 
passage width of 2.33 inches w a s  applied.  This  allowance was applied 
linearly with axial length, w i t h  2/3 of the total applied to the  suction 
surface and 1/3 t o  the  pressure  surface of the blade. Maximum allowance 
was a t  the   t ra i l ing  edge. A photograph of the   s ta tor  is shown in  f igure 
2(b), and blade  coordinates  are  given  in  table I. 



NACA RM E55F28 
rn 

7 

Over-all performance without cone fairing. - In order t o  cover a 
range of rotor-rn3ght flows, stator  l w a s  tested at tlxbee angle settFngs 

w 
0) 
CD c 

without the cone fair ing and at two angle  settings  with the cone installed.  
Because of the irregular radial profiles of t o t a l  pressure and energy ad- 
dit ion at the stator entrance and the long blade  length compared w i t h  
height, it w a s  impractical t o  present the performance on the basis of 
i nd iv idua l  blade elements. Consequently, over-all results are presented 
here  based on the  integrated average of the total   pressures  measured by 
a 26-tube rake 23 inches downstream of the stators  (station 7 ) .  5 

Pressure  ratio: The standard  characteristic map of the rotor-stator 
combhation w i t h  s ta tor  1 a t  design  angle (48') but  wfthout the cone i s  
shown in the upper left  of figure 6 .  A t  low speeds, a range of weight 
flow exists between open t h r o t t l e  and surge. Compared with  the  perfom- 
ance of the  rotor  alone (fig. 3), however, the  operating  range i s  reduced 
a t  both  ends. The stator i s  unable t o  pass the f u l l  rotor weight flow, 
and s ta l l ing  in the s ta tors  produces surge at higher weight flows than 
f o r  the  rotor  alone. As operating speed i s  increased, the range narrows 
rap id ly   un t i l   a t  75 t o  80 percent of design speed the weight flow becomes 
v i r t u a l l y  a unique function of t i p  speed. For this type of operation, at 
open t h r o t t l e ,  an expansion occurs in the  diverging channel,  and the Mach 
rimer at the downstream measuring station  frequently exceeds tha t  at the 
d l f fuser  in le t .  When the proper  correction f o r  normal shock in front of 
the  instruments i s  supplied, the t o t a l  pressure can be determined; but 
t h i s  point has l i t t l e  value from a practical  standpoint, sFnce no diffu- 
sion has been accomplished. 

-. 

As the   out le t   throt t le  is closed, back pressure  increases and the 
normal shock i s  moved upstream in front of the s ta t ion 7 instruments. 
Since the normal-shock loss i s  now charged t o  the stator  pressure  recov- 
ery, t h i s  recovery, and hence over-all  pressure ra t io ,  i s  affected by the 
Mach number at which the normal shock occurs. With the shock j u s t  at the 
stator exit, the lowest  pressure r a t i o  results (e.g., 2.23 at 80-percent 
speed). As the shock i s  forced upstream, the  over-all  pressure r a t i o  
increases  until  the maxhm pressure  ratio  occurs at the surge point 
(2.45 at 80-percent  speed). In all cases where no range of weight f l o w  
existed, the maximum practical  pressure  ratio  occurred at the surge 
point; and, hence, the Ob6eI"ved value of peak pressure r a t i o  wae influ- 
enced somewhat by the operator's skill at runninn the test r i g  near surge 
without actually  entering this condition. For simplicity,  other  charac- 
t e r i s t i c  maps t o  be pesented  give on ly  the surge point  for each of the 
higher speeds, and it i s  t o  be understood that lower pressure ratios are 
ava€lable at each  weight  flow. 

In addition t o  the absence of raage a t  the  higher speeds, the peak 
value of weight f low obtained at the stator match-point  speed  (90-percent 
rotor  design speed) was 21 pounds per second per square foot of f ronta l  
area ( f ig  . 6) compared with the design  value of  22.3 and the maximum 
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rotor-alone  value of 23.7 ( f i g .  3) . For a fixed blade setting, if the 
minimum area is &equate for isentropic flow,  weight flow i s  f ixed by 
the  losses between s ta t ion 5 and the t k o a t .  

Efficiency: The adiabatic  efficfency of the rotor-atator combination 
i s  given in   f i gu re  6 as a function of  rotor-inlet  w e i g h t  flow w @/6AF. 
At low speed the  efficiency peaks in a conventional manner at a value of 
w e i g h t  f l o w  i n  midrange. A t  higher weeds efficiency  reflects the type 
of  operation  just  discussed for the  pressure-ratio  characteristic. Peak d 
efficiency  occurs at the surge  point,  discounting the f i c t i t i ous  open- 
throt t le   points .  A t  the s ta tor  match-point speed (90 percent) the  peak trl 
adiabatic  efficiency is  about 0.71 at a pressur i   ra t io  of 2.83 and weight 
flow of 20.7 pounds per second per squere foot of frontal   area.  

Q) 
10 

Recovery factor:  The r a t i o  of mass-averaged total-pressure  ratio a t  
s ta t ion 7 t o  that a t  s ta t ion 5 is  plotted  against average Mach number at 
s ta t ion 5 in  figure 6. This ratio,  or  recovery  factor, is direct ly  anal- 
ogous t o  that of other  supersonic diffusers, supersonic Wet s  and the 
like. For all rotor  operating  points  except low-speed operation,  stator- 
entrance Mach rider i s  a unique function  of  equivalent weight flow and 
equivdent speed. As 8 result,  the  pressure-recovery curvea exhibit the 
same characterist ics as previously shown for  pressure  ratio and efficiency. w 

In  this figure the open-throttle  points are of some interest .  Because of 
the  favorable  pressure  gradients in the  diverging channel, l i t t l e  separa- 
t ion o r  mixing occurs. Most of the losses during this type of operation 
resu l t  from skin f r ic t ion,  mixing between the  rotor and stator throat, and 
the  external shock configuration. 

-. 

Outlet Mach number:  The average out le t  Mach number ( s ta t ion  7)  fo r  
s ta tor  1 a t  design  angle is given as a function of equivalent  weight 
flow in  f igure 6.  With open thro t t les   the  Mach  number is beyond the 
top  scale. As expected, out le t  Mach  number decreases somewhat as back 
pressure i a  applied and reaches lower va lues  a t  the lower speeds. 

Performance at blade  angles 5' and 7.5O l e s s  than design without 
cone fairing. - Ln order  to  extend the range covered by the   s ta tor   t es t s  
and t o  provide more matching information,  the  stator  bladea were r e se t   t o  
angles 5 O  and 7.5O lower than  design. A t  a blade  angle of 43' ( 5 O  below 
design) an inrprovement in weight flow was achieved at all speeds as aham 
at the top  of figure 7, which gives o n u  the surge  points for clar i ty .  
When an additional 2.5O angle  setting was made (blade angle, 40.5O), the 
weight  flow  increased st lower speeds, but l i t t l e  gain was evident a t  
design  speed. A comparison of pressure ratio at a given speed shows that 
vir tual ly  no loss i n  pressure r a t i o  accompanied the gain i n  weight flow. 

Adiabatic  efficiency i s  plotted  against  equivalent weight f Low for  .r 
the  surge  points of the three  mgles  tested i n  the middle section of fig- 
ure 7 .  At the   s ta tor  match-point  speed (90 percent) and blade angle of 

L 
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4Q5O, a maximum value of adiabatic  efficiency of 0.71 was reached a t  a 
pressure ratio of 2.85  and an equivalent weight flow of 22.25 pounds per 
second per  square f oot of frontal  area. 

The plot  of recovery  factor  against average stator-inlet  Mach number 
(lower par t  of f i g .  7) ,  shows that,   for  stator-inlet  Mach nuubers greater 
than 1.2, the  increased  blade  angle of incidence  actually  causes more 
pressure loss in   the  s ta tors ,  as might be  expect&.. However, the increase 
in ro tor  performance gained by shifting  the  operating  point  to  higher 
values of weight flow counterbalances  the  slight  pressure loss due t o  
incidence  angle.  This  condition  causes  the sUght change fn over-all  
adiabatic  efficiency  previously  noted. A t  the  highest iriLet Mach  number 
tested  (about  1.4) , recovery  factors were between about 0.75 and 0 -80. 

Performance with cone faLring on hub. - A conical  fairing  piece de- 
signed t o  reduce  the  stator-discharge  area 20 percent was tested at the 
4 8 O  and 43O blade settings t o  allow comparison with the straight-hub data. 
The characteristic map for these  tes ts  i s  given i n  figure 8 (surge  points 
o n l y ) .  As comipa3.'ed with  the  tests  without  the cone at design angle and 
90-percent speed,  weight flow increased  insignificantly to 21.15 pounds 
per second, but the  design  value of 22.3 was not  reached. There was 
vir tual ly  no change i n  pressure  ratio or efficiency due t o  instal la t ion 
of the cone. However, a t  the 5O lower blade sett ing the pressure r a t i o  
w a s  slightly  higher and weight  flow unchanged,  compared with the straight- 
hub case. A t  90-percent speed, pressure r a t i o  was 2.91 at a weight flow 
of 22.35 pounds per second per  square f o o t  of fron-1 mea. 

The adiabatic-efficiency  plot shoys about a l-percent improvement at, 
the 43O blade  angle (0.72) compazed d t h   t h a t  at the  design  angle. Com- 
parison w i t h  the corresponding  straight-hub t e s t e  shows only a slight 
change attr ibutable t o  the cone fairing, vi r t .ua l ly  within the -gin of 
accuracy of the tests. 

A t  design  angle,  the  curve of recovery  factor against Mach number i n  
figure 8 i s  almost identical  with  that f o r  the  straight hub. A t  $3' blade 
angle, the  recovery  factor improves somewhat in the lower Mach nw&er 
range. 

A comwrison a t  90-percent speed  between the  design  angle  with 
straight hub and the 43O blade angle  with cone fairing shows l-percent 
gain in adiabatic  efficiency. The gain in efficiency stem from the im- 
proved rotor-stator matching, inasmuch as a loss in stator  recovery  factor 
of 3 percent  exists. To summarize the r e su l t s  of the tests of stator 1 
at 43O blade  angle  with cone fairing, at 90-percent  speed a pressure  ratio 
of 2.91 w a s  attained a t  an efficiency about 0.72 with a weight flow per 
unit f ronta l  area of 22.35 pounds per second per -squEEl;e foot.  Average 
Mach  nuniber at   the  stator-exit  m e a s u r i n g  s tation was 0.67, and average 
outlet  flow angle was 70. 



10 NACA RM 355F28 
.I 

Static  pressures at 90-percent speed. - Design angle,  without cone 
fairing: The pressures f r o m  s ta t ic   t aps  on the blades and on the  outer .+ 
wall allow  an  insight  into the behavior of flow i n  the channel and will be 
discussed for  operation at 90-percent  speed with and without cone fairing. 
At the peak-efficiency wefght flow of 20.7 pounds per second per square 
foot frontal area for s ta tor  1 without cone fair ing  ( f ig .  61, the  average 
rotor-exit  conditions  are Mach nuniber of 1.24 and flow  angle of 49O.  

The ra t ios  of s t a t i c  pressure t o   i n l e t  tanlr pressure  for t a g e  on the 9 
blade and outer wall for the  open-throttle co.ndition ( f ig .  9( a) ) indicate E2 
that ,   af ter  some e-ansion  waves on the  suction  surface and several weak n 
oblique shocks on the pressure surface, the air expands supersonically 8s 
the mea  increases,  resulting Fn an average Mach Lullliber of 1.8 a t  the 
downstream measuring station.  Despite the favorable  pressure  gradient on 
all surfaces  over most of the axial  length, the recovery  factor was only 
0.90 (fig. 6 ) ,  indicating  considerable loss due t o  mixing i n  the region 
before  the  throat and f r i c t ion  on walls and blades. 

As back pressure i s  applied  by throttling downstream, a normal-shock 
wave i s  forced upstream end f l o w  a t  the measuring stat ion is  subsonic. 
This wave, which i s  shown at about midchord (fig.  9(a) for "increased 
back pressure"),  appears as a sharp rise in static  pressure.   Pressures 0. 

upatream of this wave are unaffected by it and agree  weU with those ob- 
served w i t h  the open-throttle  condition. Inasmuch as the  pressure loss 
through th i s  shock is now charged to the stators, the recovery factor i s  
only 0.777 and Mach nunher a t  the measuring s ta t ion is now 0.671 ( f ig .  6 )  . 

Further  application of back pressure moves the shock upstream, as 
shown in   f igure 9( a) fo r  "more back pressure .'I For this condition, re- 
covery factor  i s  0.83 d out le t  Mach number is  0.55 ( f ig .  6) . 

A t  the surge  point ( f ig .  9 (  a) ) , there i s  m sharp pressure  rise an 
the  pressure  surface,  indicating that the shock wave has merged u l t h  the 
external waves into a single shock configuration ahead of  the f i r s t  s t a t i c  
tap. F r o m  the  location of the pressure rise on the outer wall and on the  
suction  surface, an approximate wave may be drawn i n  as shown by the 
dotted  l ine.  Recovery factor  for this test point was 0.856, and average 
outlet  Mach  nuniber was 0.555 ( f ig .  6) . 

Pressures at the f i rs t  two stations on the  suction  surface and the 
three outer-wall taps i n  the plane of the leading edge remain unaffected 
by the application of back pressure. The decrease b recovery factor 
from 0.90 f o r  opeq t -wott le   to  0.856 for   the  surge p o b t  re f lec ts  the 
loss through the normal shock as  well a8 additional subsonic iosses re- 
sulting from sepasation, mixing, and other viscous  effects. Similar 
pressure  plots have  been m a d e  - f o r  aperation gt.5' gnd 7 .so lower setting 
angles  without the cane fairin@;. h. gener-al, the-se plots  are very simi- 
lar i n  nature and exhibit no major changes due t o  6etti-G angle. 

.. . 
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With  cone fairing:  Figure 9(b) shows the  90-percent-speed surge 
point at design  angle  with  the cone fairing, which  compares directly  with 
figure 9(a) f o r  the  condition at surge  without cone fairing. The surge 
plots are very simila;r except for slightly  greater  acceleration along the 
suction  surface before the normal shock with the cone. There is no evi- 
dence of increased  velocity Z n  the  rear  half of the blade passage as 
might be expected from the reduction i n  area.. It appeazs that the  excess 
area  previously occupied by the separated flow adjus ts  t o  the  presence of 
the cone and that the cone s ize  is insufficient. 

The correspond€ng plot f o r  the 43O blade  angle at 90-percent speed 
with the cone installed i s  given in  figure 9( c) . This tes t   point  is 
included  because it proved t o  be the  best  operating  point for the  rotor- 
stator cordbination,  even  though the  recovery  factor of 0.827 i s  slightly 
lower than for the  design  angle  setting  (fig. 8) .. Again, the  subsonic 
diffusion i s  very similar t o  previous  conditions, and there i s  a slight 
chaage In  the  position of the noma,l shock. 

The over-all  static-pressure  ratio on the  suction  surface i s  about 
2.1. O f  t h i s  over-al l  ra t io ,  the greater past,  about 1.6, appears t o  be 
due to   the normal shock. Tables of norma,l-shock relations  give a Mach 
nizniber of 1.23 f o r  this  static-pressure  ratio of 1.6 and a total-pressure 
recovery of 0.9896 at Mach 1.23. The free-stream inlet relative Mach 
number i s  1.295 where pressure  recovery i s  0.9802. 

From these values, it i s  evident that the greater par t  of the losses 
through these  blades i s  not  due to  the normal shock. Instead,  the  fric- 
t ion and mixing before the normal shock and the separation, secondary 
Plow, and mixing behind it (which may be aggravated by it) constitute  the 
major murces of loss. 

Recovery-factor profiles.  - In order t o  get  additional  information 
on the loss phenomena in the s ta tor  passages, the estimated recovery 
factor in the  cfrcumferential  direction was determined by dividing  the 
26-tube-rake  readLngs at several r&al positions by the total pressure 
at corresponding radii a t  the  stator entrance. Because the  flow stream- 
l ines  do not remain at  the same radius  through  the stator passage, and 
because of the nonuniform inlet total-pressure  profile, it was sometimes 
possible t o  compute recovery  factors over 1.0 by this lllethod. However, 
when plotted as profiles of constant  recovery  factor,  these  calculations 
give a quali tative  picture of the secondary flows and loss regions occur 
ring in the  blade  passages. 

Figure l O ( a )  shows such 8 plo t  for open-throttle  operation at 90- 
percent speed for Go blade angle without  the cone fair ing.  The circum- 
fe ren t ia   d i s tance  of this plot  represents  the  spacing between "0 blades; 
but the blade w a k e s  are not  necessaxily at the  extremities of the p lo t  
because of the fixed rake location and the variable flow angle. In fact ,  
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i n  this  particular  plot ,   the  blade wake i s  quite  clearly a t  0.5 inch 
circumferential  distance. In the  corners formed by the  suction surface 
and the walls, t w o  large  cores of low-energy air may be  seen tha t  axe 
typical  of passages with large secondary flows. In  the middle  of the 
passage,  the  recovery  factor i s  high  over a large region,  indicating that 
the  external shock configuration w a s  not  strong. Average out le t  Mach 
llllILiber was 1.353. The average  recovery  factor for this test   point,  ob- 
talaed by arithmetically  averaging  the 26 tubes  circumferentially and 
mass-weighting the averages radially, was 0.835. By mass-weighting  each 
point,  both  radially and circumferentially, a recovery factor of 0.869 
was obtained.  Since a l l  recovery  factors  reported  herein were obtained 
by the former method for  simplicity,  they are considered  conservative. 

d m 
CD 
M 

The recovery  profile  for the surge-point  flow  for  the same blade 
configuration and rotor speed is given in figure 10(b). It ie apparent 
tha t  more mixing takes  place and that the Bpread between high and low 
recovery f a c b r  is reduced a great deal. The aame core of high  recovery 
factor exists, although peak values are lower and the  area covered by 
high recovery  has  decreased. The  two regions of lower-energy air are 
larger b u t  do not have the  extremely low recovery of  the open-throttle 4 

condition. Average recovery  factor at this condition was 0.817 (0.831 by 
double-mass-wei@;hting), and the  average  discharge Mach nmiber w a s  0.549. L 

Similar  profiles  are  given in  figures 10( c) and (d)  for  the design- 
angle and the  40.5O-angle surge  points. In both  c&ses, f l o w  i s  very 
similar and there i s  no apparent change that can be ascribed to   the  
changed angle settings. In additian,   the  profiles  for the tm angle 
sett ings with the cone instal led  are   given  in   f igures  l O ( e )  and (f). 
There i s  no large  effect  at s ta t ion 7 due t o  the presence of the cone, 
and the two loss vortices have about  equal area and recovery  level. 

Mach nuniber profi4e. - The Mach nuniber prof i le  i s  given in   f igure-11  
for the surge  point a t  90-percent speed and at design  angle  setting  with- 
out cone fair ing.  This profile  appears quite different from i t a  counter- 
part   for  recovery  factor  (f ig.  lo (  c) ) . There are two main regiona: (1) 
the high-velocity  region, which i s  coincident  with  the hLgh-recovery- 
factor  region, and ( 2 )  a low-velocity  region, which covere the area of the  
secondary flow and low-energy atr. There is  no evidence of the two sep- 
arate  loss cores shown by the  recovery-factor  profile. The large gradi- 
ents In Mach nunder a t  this measuring station  indicate that further m i x i n g  
losses would be sustained downstream. 

Stator 2 

Description and design. - Stator 2 w a s  intended as a r e f i n e m e n t  of 
s ta tor  1 i n  which an e f fo r t  was  made to  match the angles asd Mach nunibera 
i n  the radial direction at the  stator  entrance. For t h i s  blade, three 
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elements - hub, t ip,  and mean radius - were designed  individually and 

B = 53' f o r  the t i p ,  M = 1.37 and B = 45' f o r  the mean radius, and 
M = 1.4 and f3 P 43O f o r  the hub. An incidence  angle of 5O was speci- 
f ied  at a l l  radii, so that  design blade angle a t  the mean radius was 40°. 
A l l  sections  turned t o  8' aad decelerated t o  M P 0.7. No contraction 
was prescribed between streamtube and throat  section. A t  the t i p  and hub 
the throat  occurred at the-  closed channel entrance; but, because of appli- 
cation of the boundary-layer  allowance, the  throat at the pitch  section 
was at the  station 1.8 inches from the  leading edge. Cone fair ing of 

width w a s  applied 2/3 to suction  surface and 1/3 t o  pressure surface as 
f o r  stator 1. These blades were laid  out and  machined in a f l a t  plane 
and then  turned t o  f i t  the  helical flow path. As a result ,  some of the 
t i p  element was cut away, resulting in less  twist than  design. A photo- 
graph of these stator blades a t  a blade setting 3O higher  than  design is 
given i n  figure 12. A t  the pitch radius,  t h i s  blade -le of 43' corre- 
sponds exactly t o  s ta tor  1 a t  the second angle setting. 

- then  stacked t o  match inlet angles.  Inlet  conditions were M P 1.35 and 

w m 
rD 
IP height r a t io  1.25 was used, and boundary allawance of =-percent paasage 

i Over-all performance. - The second stator  design w a s  tested at three 
blade angle settings, 4a0, 3S0, asd 43O, w i t h  cone fair ing  instal led at - a l l  three  settings. The operation of these  stators was very similar to  
that of stator 1, i n  that there w a s  a limited operating  range a t  low , 

speeds and a v e r t i c a l  operating lFne at  the higher speeds. For clarity, 
however, only  the  surge  points  are  included i n  the  chazacteristic map i n  
figure 13. Comparison of  the  design  setting of $oo with the 40.5O sett ing 
of the f i r s t  s ta tor   ( f ig .  7) shows virtually  the same weight flow at all 
speeds and a slight decrease in pressure r a t i o  a t  the -her speeds. 
(Cone fa i r ing was used only w i t h  stator 2 .) 

Resetting  the  blades a t  a 5' lower angle did not accomplish as much 
increase i n  weight f low as similarly resett ing the blades of stator 1 
(f ig .  8), indicating that the in i t ia l   se t t ing  angle was closer t o  the 
limiting  incidence  angle. AXI a ~ ~ c ~ ~ t i o n s l  blade  setting 3O in the opposite 
direction caused a sUght drop in weight flow accompanied by an increase 
in pressure r a t i o .  A t  the pitch  radius  this 43O blade sett ing for stator 
2 i s  comparable to  s t a to r  1 at  So less  than  design. A comparison of f ig -  
ures 7 and 13 shows both blades t o  be on the same operating line. How- 
ever, at each  speed, s ta tor  2 operates at a s l ight ly  lower w e i g h t  flow and 
ove r -a l l  pressure  ratio  than stator 1. An increase i n  losses  before  the 
throat could  produce  such an effect,  reducing the weight flow and the 
over-all  recovery. The improved angle matching at the stator entrance 
should  have resulted in an opposite  effect. 

Figure 13 also shows a plot of adiabatic  efficiency isgainst  equivalent 
weight flow for the three -le settings. A t  low speeds, the design  angle 
sett ing i s  s l ight ly  more efficient,  bu t  otherwise the three  configurations 
are much the same. Compared with stator 1 at design  angle (fig. 7), thfs 
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twisted-leading-edge  blade had about the same over-all  efficiency. How- 
ever, stator l at 43O angle had bet ter  performance at all t i p  meeds. 

Stator 2 recovery  factor is plotted  againet  inlet  relative Mach 
number for  the  three  sett ings  in  the lower par t  of figure 13. At 90- 
percent  speed  the  data were inconsistent, and as a result  a single curve 
has been faired through the  points. Comparison with the  equivalent  curve 
f o r  s ta tor  1 (f ig .  7) shows no improvement a t  any Mach number and slightly 
lower values of recovery over most of the range. As a whole, the  per- 
formance of stator 2 wae disappointing, i n  tha t  it showed  no clear supe- 
r io r i ty  t o  the fjrst stator teated. 

Static  pressures.  - Pressures  along  the flow path and on the  blade 
surfaces  of  stator 2 are  given in figure 14(a) for  the 70-percent-speed 
surge  point  with the blade  angle of 43O. A recovery  factor of 0.891 was 
a t t e n e d  a t  an inlet Mach number of 1.02 (Pig. 13) . Estimates of maximum 
and minimum Mach numbers are  given  based on total pressures  in  front of 
and behind the stators.  A t  the stator  outlet  the circumferential average 
total   pressure was used. The indicated maximum and minimum Mach nunibere 
on the blades show tha t  the flow is  entirely sribsonic except for  the 
immediate vicinity of the  leading edge on the  suction  surface. The posi- 
t ion of the shock wave I s  apparently forward of th& throat of the blade - 
passage, which f o r  this blade i s  well  inside  the channel. In the front 
paxt of the blade chaanel, there is some scceleratfon of the flow due t o  
mea contraction; and a gradual  deceleration  takes  place Fn the rear. 
Average ex i t  Mach nuniber was 0.621. 

L 

A t  the  surge  point at 90-percent speed, the pressures and estimated 
Mach numbers i n  figure 14(b) were observed.  There w a s  evidently an 
acceleration around the  leading edge, followed by  a region of fairly 
uniform pressure. The normal-shock wave was in  the  center of the channel 
formed by two blades a t  approximately  the  poeition of the start af the 
wedge fairing. Recovery factor w a s  0.828 at the M e t  relat ive Mach 
nuniber of 1.295 ( f ig .  13), coqared with the  recovery  factor of 0.835 
w i t h  the  untwisted  etator  blade. Thus, there was 110 improvement i n  the 
over-all  pressure  recovery due to  the improved angle matching of this 
stator .  A comparison of the  pressures on t h i s  blade  with  thoee on stator 
1 a t  43O blade  angle  (fig . 9( c) ) shows considerable  difference i n  the 
region from the  leading edge to  the  throat.  With the f irst blade, it x88 
possible to stabi l ize  the shock farther fnrward without  surging the com- 
pressor. There was also less expansion along the suction surface, which 
resulted i n  a decrease i n  the amount of deceleration  necessary. With 
sl ight changes i n  thickness of the  twisted  stator, it might be poesible 
t o  improve the performance. 

Recovery-factor profiles.  - Numerous profiles of  constant  recovery 
factor similar t o  those  presented for stator 1 were made f o r  the second 
etator .  In general,  these  plot8 are very similar t o  those of the f irst  

. 
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s€ator, i n  that they show the  large amount of viscous  effects corman -to 

the 43' blade angle a t  the 90-percent-speed  surge point is ahown in f ig -  
ure E. As in the first stators,  the  high-recovery  core i s  surrounded 
by  low-energy regions  that occupy the  greater  part of the  passage. A t  
this condition, average inlet relative Mach nuIliber was 1.295, average 
outlet  Mach  number w a s  0.666, and average  recovery factor was 0.828. 

- the low aspect  ratio and high  solidity. The recovery-factor  profile f o r  

Stator 3 

Description and design. - Stator 3 was  an untwisted  double-circuhr- 
arc a i r f o i l  with a camber angle of 52O, chord length of 3.2 inches, and 
m a x i m u m  t h i c h e s s  of 7 percent of chord. The lead€%- and trailing-edge 
radLi were 0.02 ipch. These blades were the same a s  those used with the 
transonic  rotor of reference 8 and were shortened t o  fit the  passage 
height  behind this  rotor  with  the cone fair ing moved forward. The solid- 
i t y  f o r  20 blades w a s  1.37, campared with approximately 2.5 fo r  stators 1 
and 2 .  The aspect r a t i o  was  0.35 compared with 0.19 f o r  stators 1 and 
2 The purpose of the  investigations w i t h  this s ta tor  was  (1) t o  extend 
the  range of Mach  number covered f o r  t h i s  a i r fo i l ,  and (2) t o  determine 

sett ing was made for  a 5 O  incidence  angle, which meant the angle of the 
camber m e  was 43O at the "ng edge a ~ d  -go st the t ra i l ing edge. 
Minimum mea i n  the channel  occurred at the "closure  point" normal to 
the pressure  surface a t  the leading edge. Throat area was greater than 
streamtube area at either 48O or 4 3 O  f l o w  angle. 

- the effect of lowering so l id i ty  and increasing aspect ra t io .  The i n i t i a l  

S h  stat ic   taps  were installed on the  pressure  surface and six on 
the  suction  surface of the  blades a t  1/2-inch axial spacing. The orig- 
inal   Intent of these tests was t o  &end the range of Mach number cover- 
age fo r  this type of airfoil ,   since  the tests f o r  the transonic ro tor  did 
not go above 0.76 i n l e t  Mach  nuniber re la t ive t o  the  stators.  Even at 
50-percent rotor  speed, the  outlet  Mach  number of t h i s  ro to r  w a s  0-74. 
Thus, there was very l i t t l e  overlapping of the Mach number range. Because 
of the poor performance of these  blades and the changes in sol idi ty  and 
aspect ra t io ,  direct  comparisons with reference 8 could  not be made. 
(ROW separated f r o m  the suction  surface at most operating  points.) 

Over-all performance- - The standard  cbzacterist ic map for the 
initial sett ing of the double-circular-arc blades at 43' blade  angle i s  
shown at the top of figure 16. A t  90-percent speed, this se t  of stators  
passed slightly more weight f l o w  than the first s e t  a t  48' blade  angle 
( f ig  . 6) but  less than the same blades a t  the 5' lower set t ing  ( f ig .  7) . 
Compared w i t h  the original  design match point for the s ta tors  (22.3 
(lb/sec)/sq ft), w e i g h t  flow is 2 percent low, even  though available 
throat  area i s  greater than streamtube area. A t  a l l  speeds, some sl ight  
range of weight flow is  evident, narrowing to 1/2 pound per second at 
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design  speed. There appears to be a discontinuity in the surge l i ne  at 
90-percent epeed that may have resulted from the.indefinite n a t u r e  of 
the surge  point with this blade configuration. The violence of the surge 
pulsation was much lower fo r  this stator than f o r  stators 1 and 2 .  

I 

Curves of adiabatic  efficiency  against weight flow are also given 
in figure 16. A t  t h e  higher speeds, over-all  pressure  ratio i s  lower 
than f o r  stators 1 and 2, as4 as a result  efficiency  decreases  ragidly 
with increasing speed and weight flow and is generally lower than  for 
blades 1 and 2 .  P . t  a l l  speeds the peak efficiency  occurs at weight flows ua 
above the surge  value. 

8 
Kl 

The p lo t  of recovery factor  against s ta tor- inlet  relative Mach n u -  
ber in   f igure  16 shows that, as Mach  nuuiber i s  increased,  recovery  factor 
decreases more rapidly than for   s ta tors  1 and 2 and reaches  the  very low 
surge-point  vdue of 0.675 at a Mach number of 1.4. The normal-shock 
recovery  factor at this Mach nuniber is 0.958. Open-throttle  recovery 
was also low, thus indicating  large shock losses. 

m 

Performance a t  blade angle of 38O. - To extend the  weight-flow range 
covered by these stator tests and t o  allow bet te r  matching with the rotor 
performance, the  blade angle was reset 5' lower  e,t 38O. The performance - 
of this configuration, which w a s  determined et the surge  points only, is 
given by solid data points in  figure 16. A t  all speeds, it i s  evident 
tha t  there w a s  no large imgrovement in over-all performance as a resu l t  
of the angle change. A t  low speeds, a slight improvement in recovery 
factor  resulted i n  slight iqrovement i n  adiabatic  efficiency; while at 
higher speeds, the reverse was true.  A t  the 90-percent-speed  surge- 
point weight  flow 09 20.21pounds per second pei- square  foot, the stator- 
i n l e t  flow angle is 50.5O. The resulting  incidence  angle of 12.5O i e  
considered excessive  for  the bhch n W e r  range. 

Static  pressures.  - The static-pressure measurements on the  blade 
surfaces and on the outer w a l l  of s ta tor  3 are given a8 ra t ios  t o  the  
inlet tank pressure for the  surge  point at 50-percent speed in figure 
17 (a) . Average in l e t   r e l a t ive  Mach  nwnber was 0.75 ( f ig  . 16), and aver -  
age out le t  Mach  nuniber was 0.464. Estimate6 of the maximum and average 
minimum  Mach n b e r s  are also given based on average tot& pressures in 
f ront  of and behind the s ta tors .  On the  suction surface immediately 
behind the leading edge, a local  expansion  reduces the stat ic   pressure 
and increases the Mach nuznber to  values much higher than the atream value. 
Beyond this point, there i s  a rapid compression followed by a More g r d -  
us1 pressure rise. The pressure change6 very l i t t l e  all along the bide 
pressure  surface,  indicating that a rise from 5he stream value  occurs 
before the fir st s t a t i c   t ap  (an externd shock configuration) . All Mach 
numbers be- this shock are subsonic and decrease graduttlly up -k the 
last inch, where the meaa l ine  turns past  the axial direction. With the 
height of the cone fairing s t i l l  increasing at this poiat, the net flaw 
area decreases, thus accounting for  the  elight  acceleration. 
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As t i p  speed and inlet   re la t ive Mach nuniber are  increased  the 
pressure  gradients become more severe,  as sham in figure 17( bj f o r  the 
surge  point at 70-percent  speed. In le t  Mach mxd~er w a s  1.0 f o r  this 
p o b t  ( f ig .  16) Again, the first measurement on the  suction  surface 
indicates much higher Mach numbers than the free-stream value, showing 
the  acceleration around the leading edge. This high  velocity  exists only 
on the  suction  surface;  the Mach m e r  is much loxei i n  the passage, and 
on the  pressure  surface Mach n m e r s  &?e quite low. It seems prabable 

- 

w that the  steep  pressure gradients on the  suction  surface  give  rise t o  
CD separation of the flow, resulting in  a greah deal of mixing and pressure (3, 

I+ loss. These m i n t m u m  Mach nunibera on the  suction  surface may be smaller 
than those shown, bepause total  pressure  in  the  separated  region i a  l e s s  
than  average. On the  pressure  surface the gradients are much smaller ,  
and separation is not expected. Average inlet flow angle was about 50°, 
resulting in 7’ incidence  angle a t  mean radius. T 

E 
Much the  sane  picture i s  presented by the  surge  point a t  90-percent 

speed (f ig .  17( c) ) , except that the gxdients  Elre s t i l l  mre sevwe. The 
behavior of this blade  i l lustrates  an important  limitation of circular- 

mer. The high  rate of curvature of  the blade near the  leading edge 
i n i t i a t e s  an expansion wave that accelerates  the f l o w  on the  suction 
surface  befare  the  presence of the  pressure  surface is f e l t .  O n  the 
other hand, the rounded leading edge and blade curvature  are  probably 
responsible for the  range of weight Plow, Umited though it is. 

f arc blades at high stagger  angles for flow UFth supersonic  entrance Mach 

- 

Recovery-factor profiles. - Profiles of constant  recovery  factor 
axe given i n  figure 18 for  the three speeds jus t  discueaed. At %-percent 
speed, where in le t   re la t ive  Mach number i s  0.75, there i s  a large  region 
of high  recovery  very  ne= a region of much larer  recovery  (fig. 18( a) ) . 
There is  no evidence of the double loss cores and the secondary-flow 
phenomenon as for stator 1 (f ig .  10) . However, it is clear  that  f l o w  i s  
separated from the  suction  surface and that most of the flow issues from 
t h e  bladecj as   a   j e t .  Average out le t  Mach number is  0.464. 

A t  70-percent speed (f ig .  18(b) ), i n l e t  Mach luzmber is 1.0 and re- 
covery profiles  are sFmi1a.r to those f o r  the SO-percent weed. Again, 
the wake appears t o  be along a radiaL Ifne, and there is a large  single 
low-enera  region. A t  90-percent  speed ( f ig .  l8( c) ) , i n l e t  Mach number 
is 1.2C, and some changes are  evident compared with the lower speeds. 
The entire  recovery  level i s  lower than for 50-percent speed, the low- 
recovery  regicn is shifted tOwB;Pd the  outside w a l l ,  and the higher- 
recovery  region i s  shif’ted Fnvarrd. 

Emever, even a t  this low average  recovery of 0.742, there i s  no 
evidence of the  double-core ty-pe of secondary-flow phenomenon sham for 
stators  1 and 2 ( f i g s .  10 and E) . %is fac t  1.8 due, i n  some measure at 
least ,  to the  higher  aspect  ratio and lower sol idi ty  of these  blades. 
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The loading on these  blades w a s  excessive  because of the  high camber 
angle.  Blades of double-circular-arc  section,  designed  expressly  for  the 
stator-entrance  condition  specl9ied by this rotor, would probably be 
thinner and have less camber angle if contemgorary loading res t r ic t ions  
were t o  be  observed. Howeve?, t he   expe - ion  around the  leading edge -on 
the  suction  surface would a t i l l  result fn high Mach numbers a t  the f i rs t  
shock wave. 

-9 

" 

The  Mach  nuniber profiles for s ta tor  3 are given in  figure 19 fo r  the 
surge  point at 70- and 90-percent speed. In general,  these  plots show 
the same chmacteristics  exhibited by the  recovery  profiles  but  eqhasize 
the  large difference in  veloci ty  level between the high- and low-recovery 
regions.  Additional  losses due t o  mixing would thus  be-.anticipa%ed. In 
large azeas of the passage Kidth, there i s  very l i t t l e  flow, indicating 
a large  separation  region, presumably off the suction  side of the blade. 

d m co 
m 

" 

Losses i n  Annulus xithout  Stators 

The resu l t s  of the tests with three  different sets of stators show L 

unexpectedly high losses even with low subsonic in l e t   r e l a t ive  Mach num- 
bers. For instance, the o r i g h a l  double-circular-arc  stators  (stator 3 
herein aSa reported in r e f .  8 )  had an indicated  recovery factor of 0.968 
a t  an inlet relative Mach nuniber of 0.76. As installed behind t h i s  super- 
sonic  rotor, however, the recovery  factor was only 0.933 at an inlet rel- 
a t i v e  Mach  number of 0.75. It should be noted that the span of the blade 
was cut   in  ha= so that end effects would be relat ively more important. 

- 

Annulus recovery  factor. - The mass-weighted average  pressure r a t io s  
a t  stations 5 and 7 have been placed i n  the form of an "annulus  recovery 
factor" for a number of test  point8  obtained  during r o t a  performance 
tests without stators.  These data are given in f igure 20 t o  the ~ame 
scale as f o r  the stator  recovery  factor. The scat ter  of test points m a y  
resu l t  from the f ac t  that the  flow-path length varies ui th  flow angle at 
a given Mach nuniber. The figure shows that there i s  a trend of Fncreas- 
ing loss  a t h  increasing Mach number. In addition, it i s  apparent that 
substantial pressure loss exiets  between stations 5 and 7 even at rel- 
a t i v e l y  low Mach numbers. This indicated loss i s  due not only t o   f r i c t i o n  
and mixing, but  possibly also t o  erroneous measurement a t  etation 5.  The 
flow at s ta t ion 5 i s  fluctuating because of blade w a k e s  and rotor channel 
eecondary flows, w h i c h  cause  both temperature and pressure measurements 
t o  read above a true  average. If the average loss  shown by this figure 
were deducted  from the losses  displayed by the various  stator  configura- 
tions, the stator p e r f o m e  shown previously would seem more reasonable. 
Of course, this ac t  would not improve th i s  rotor-stator combination, 
but it might indicate  the stator poten t ia l i t i es  with a bet ter   rotor .  
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- Mstribution of losses. - The dist r ibut ion of losses w i l l  be 
examined fo r   s t a to r  1 Speat ing at  90-percent speed a t  design angle with- 
out cone fa i r ing .  From figure 3, at  the maximum weight flow of 2 1  pounds 
per second the s ta t ion  5 pressure r a t i o  w a s  3.35. Figure 20 shows an 
annulus  recovery  factor of 0.92 a t  the corresponding Mach number of 1.25. 
Thus, s ta t ion  7 pressure  ratio  without  stators was 3.08. The open- 
throttle  recovery factor for s b t o r  1 (fig. 6) shows a value of 0.90 or 
a loss of 10 points. Thus, the  additional  losses due t o   f r i c t i o n  on the 

w 
tn 0, blade surface and the  shock losses at the leading edge amount t o  89 addi- 
rp t i o m  2 points compared w i t h  8 polnts for the m l u s  alone. At the 

surge  point w h e r e  the second shock has been st&..iliZed i n  front  of the 
stator, most of the passage has subsonic flow and the recovery  factor i s  
0.856. Static  pressures OR the  blade (fig . S(a )  f o r  open th ro t t l e )  
Fndicate that the normal shock takes place at a Mach rimer of 1.2 w h e r e  
the recovery  factor is 0.993. Thus, very little loss  can be at t r ibuted 

open-throttle a d  surge-point  recovery factors, 4 points must be a t t r ib -  
uted t o  viscous  effects. As shown by the  prof i les  of figure lo( c )  , two 
can be q e c t e d .  

.!d 

2 
P d i rec t ly   t o  the normal shock. O f  the 5-point  difference between the  

0, large  regions of low-energy a i r  develope3, and additional miXing losses E 

- If these extremely qualitative  f igures w e r e  t o  be taken literally, 
then, the t o t a l  loss of 15 pofnts  could be divided as follows: 55- 
percent normal annulus mixing and wall M c t i o n  loss and instrument dif- 
ference, 16-percent shock and s ta tor  blade f r i c t ion  loss, and 29-percent 
subsonic  viscous loss. Even if these percentages are off by 100 percent, 
it is s t i l l  evident that the Mach nuuiber effect i s  not solely due t o  
shock losses. Reference 9 points out that the mixing losses  result ing 
f r o m  a nonun3form Mach nuniber gradient increase rspidly with  increasing 
Mach number. 

It seems evident that good s ta tor  performance depends greatly on the 
type of flow received from the cOmpressor rotor  and the condition of the 
wall boundary layers at the stator entrance. If possible, the s ta tor  
entrance  should  receive  flow w i t h  uniform Mach number, flow angle, and 
ener@;y level.  In addition, the wetted area should be kept as low as 
possible   to  minimize akin f r ic t ion .  

SUMMARY OF RESULTS AND COHCUTSIONS 

The following results were obtzxhed from an investigation of three 
different sets of s ta tors  installed in a supersonic comgressor: 

1. With the first s ta tor  at a 43O blade  angle and with cone fa i r ing  
on the hub, a pressure r a t fo  of 2.91 was obtained at an efficiency of 
0.72 and an equivalent  weight  flow of 22.35  pounds per second per  square 

( s ta tor  match-point  design speed) . - foot  of f ronta l  mea a t  an equivalent  t ip speed of 1260 feet per second 
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2 .  A t  speeds higher than 980 feet per second (70  percent of rotor  
design  speed)  there was  no operating  range of weight flow for   s ta tors  1 
and 2, although  weight  flow  could be changed by changing the stator  blade 
angle. 

3. The pressure  recovery  for  the f i r s t  two s ta tors  was unexpectedly 
low a t  subsonic Mach numbers and decreased t o  V d U e S  Varying f r o m  0.75 
t o  0.80 a t  an i n l e t  Mach nwiber of 1.4. 

4 .  Neither changing the subsonic deceleratbn rate by use of a cone 
fa i r ing  nor m a t c h i n g  i n l e t  flow angles  effected any significant  ingrove- 
ment i n  the performance of the  pmticular  blade  configurations  tested. 

5. The double-circular-arc  type  of  stator  blades  (third  stator 
tested),  with lower sol idi ty  and rounded leading edges, had 6ome range 
of operation, though narrow, at a l l  t i p  speeds. 

6. Because of the expansion on the  suction  surface of th is  th i rd  
stator,  Mach numbers before  the normal shock were high, result ing i n  
large shock losses and separation of the flow. Recover-y factors  decreased 
rapidly with increasing Mach nuuiber; and, at  an i n l e t  Mach  number of 1.4, 
pressure  recovery was only 0.675 a t  90-percent  speed. 

7 .  A breakdown of the losses at the design  operating  point fo r  the 
f irst  s ta tor  shows that normal-shock Losses represented only about 16 
percent of the total loss. Viscous effects  between the ro tor  and s ta tor  
throat and af ter   the  normal shock (plus possible instrument errors) 
accounted fo r  the other 84 percent of  the loss. Fifty-five  percent of  
the  total   losses  were observed i n   t h e  asnulus  without  stators; conse- 
quently, o n l y  about 29 percent of the loss could be ascribed  to sepma- 
t ion   in   the   s ta tors  resulting from shock - boundary-layer  interaction. 

A t  i n l e t  r e l a t i v e  Mach numbers below 1.4, when curvature of the 
s~c t ion   su r f ace  is kept small, the' main losses  occw as a r e su l t  of sec- 
ondary flows and the mixing of nonuniform gradients of Mach  number and 
energy t h a t  come from the rotor .  Thus, improvements in rotor-dischaxge 
conditions  are  necessary for  improvements i n  the  performance of the eta- 
to rs .  Good over-all  rotor performance i s  only part  of the  requirement8 
for  good stage efficiency. N e a r l y  uniform stator-entrasce  conditions 
wi th  small end-region boundary layers are desirable. It may be necessary 
t o  remove wall boundary layers i n  f ront  of supersonic  stators, and perhaps 
even the boundary layers on the blade itself. 

Secondaxy flows may be  reduced by increasing  aspect  ratio and decreas- 
ing sol idi ty .  For a prescribed  turning,  fairly  high  solidity may be  nec- 
esmry, however, t o  keep loading parameters low. 
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- Because of  the extreme circumferential  variation In pressures and 
temperatures behind stators,  instrumentation that is movable i n  the 
circumferential  direction would help greatly in establ ishhg loss 
prof  ilea. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

w Cleveland, Ohio, June 28, 1955 a2 
(D 
I+ 
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APPEXDM - SYMBOIG 

A area, sq f t  

a sonic  velocity,  ft/sec 

g acceleration due to  gravity,  32.174 ft/aec 2 

M Mach Llumber 
- 
M mass-weighted average Mach  number 

P t o t a l  pressure, ~ b / s q  ft 

R gas  constant, 53.3 ft-lb/(lb)(OR) 

T t o t a l  temperature, OR 

w weight flow, Ib/sec 

. 

r r a t i o  of specific  heats 

6 r a t i o  of inlet total   pressure  to NACA standard  sea-level  pressure 
of 2 U 6  lb/sq f t  

k a  adiabatic  temperature-rise  efficiency 

6 r a t i o  of inlet t o t a l  temperature t o  XACA standard  sea-level tan- 
persture of 518.7O R 

p density,  Iblcu f t 

Subscripts: 

F f r o n t d  

t stagnation  conditions 

0 in l e t  tank 

2 a f t e r  guide vanes 

5 after rotor 
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7 after s ta tor  
L Superscript: 

23 

- 
(bar) mass-weighted average  value 

REFEEEXCES 

% 
(D 1. Ferri, Antonio: Preliminary  Analysis of Axial-Plow  Compressors  Having 
tP Eiupersonic Velocity at the  Ehtrance of the  Stator. NACA RM ISG06,  

1949. 

2. KLapproth, John F., Ullman, Guy N., and Tysl, Edward R. : Performance 
of an Zupulse-Type Supersonic Compressor with  Stators. EIACA RM 
E52B22,  1952. 

3. Jackl i t  ch, John J. , Jr . , and Hartmam, Melvin J . : Investigation of 
16-Inch Impulse-Type Supersonic Compressor Rotor  with Turn- Past - Axial Direction. EACA RM E53D13, 1953. 

4. Tysl, Edward R., mapproth, John F., and hrtwnn, Melvin J. : In- - vestigatfon of a Supersonic-Compressor Rotor with Turning t o  Axial 
Direction. I - Rotor Design and Performance. NACA RM E53F23,  1953. 

5. Eartmann, Melvin J., and Tysl, Edward R.: Jnvestigation of a 
Supersonic-Compressor Rotor with Turnin@; t o  Axial Direction. I1 - 
Rotor Component Off-Design and Stage Performance. NACA RM E53L24, 
1954. 

6. Wilcox, Ward W.: Investigation of lmpulse-Type Supersonic Compressor 
with Hub-Tip Ratio of 0.6 and Turning t o  Axial Direction. I - Per- 
formance of Rotor Alone. NLCA RM E54B25,  1954. 

7. Stanitz, John D.: Approximate Design Method f o r  High-Solidity Blade 
Elements i n  Compressors and Turbines. XACA TN 2408, 1951. 

8. Sandercock, Donald M., Lieblefn, Seymour, and Schwenk, Francis C.: 
Experimental Investigation of an Axial-Flow  Compressor Inlet Stage 
Operating a t  Transonic Relative M e t  mch k b e r s .  IV - Stage and 
Blade-Row Performance of Stage  with  Axial-Discharge  Stators. NACA 
RV E54C26, 1954. 

9. Stewart, Warner L.: Investigation of Compressible Flow Mixing Losses 
Obtained Downstream of a Blade Row. NACA RM E54120,  1954. 

e 



24 

TABU I. - BLADE COaRDINATES FOR STATOR 1 

in. 

0 0 0 
.25 

.€E3 .75 
.475 .60 .50 
.25 .30 
.685 

1.00 

2.90 2.90 5.00 
2.82 2.80 4.75 
2.735 2.89 4.50 
2.65 2.88 4.25 
2.56 2.85 4.00 
2.46 2.81 3.75 
2.35 2.75 3.50 
2.24 2.67 3.25 
2.12 2.58 3.00 
2.00 2.47 2.75 
1.86 2.34 2.50 
1.72 2.20 2.25 
1.575 2.03 2.00 
1.42 1.83 1.75 
1.26 1.61 1.50 
1.08 1.39 1.25 
.89 1.14 
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Station 0 2 

Figure 1. - Schematic sketch of rotor and stator installed in wriable-compcplwt t a e t  rig. 
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Station 5 Inches Station 7 

Stator I - side view 

I\ ' I 

Stator 1 - plan vlew 

I 

Stator 2 - side vlew 

I I I 

Stator 3 - side view 

(a) Sketchee shoning location of atatic  taps,  cone falring, and measuring stations.  

Figure 2. - Stators used  in  lnveatigation. 
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(b) Photograph of stator 1 at design angle without hub fairing. 

Figure 2. - Concluded. Stators uaed i n  investigation. 
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1 .oo 

.70 

Equivalent weight flow, .w@/BAp, (lb/8eC)/Bq ft 

Figure 3. - Rotor charaaterlstie curvee. 
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Solid poFnts  denote  operation I 1 1 with  rotor alone . I  I I 
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Equivalent weight flow, wfi/%, (Ib/sec)/sg ft 

Figure 4. - Temperature-rise r a t i o  a t  90-percent design Bpeed ( s t a t ion  7) .  
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" 

Figure 5 .  "?Flow aondlt im entering stator-at IO-peraeut design speed 
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Stator-inlet  relative Mach number. % 
Figure 7 .  - Effect of resetting blade angles on perl'omance of afator 1 a t  surge 

p o i n t  without cone fairing. - 

* 
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Figure  8. - Performance of stator 1 rith cone fairing installed. 



(a Without cone fairing; blade-angle  setting, 
!design). 

Figure 9 .  - Static preseurea on blade surface 
outer  wall of stator 1 at  90-percent speed. 

4 8 O  

and 



set t ing ,  4Bo 

Figure 9. - C m t l n u e d .  S t a t l c  pressures 011 blade 
eurPace and cuter wall of ststor  1 at 90-percent 
speed. 

35 
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Axial distance, in. 

(0)  With cone falring;  blade-angle  setting, 4308 surge point. 

Figure 9. - Concluded. Statlc  pressures on blade  surface and 
outar wall of atatsr 1 at  90-percent  speed. 
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(c) Without cone fairing. Blade angle, 48O (deeign); average stator- 
inlet Mach number, 1.24; static- to total-pressure  ratio, 0.3912; surge 
point. 

Figure 10. - Profiles of aonstant recovery factor for stator 1 at 90- 
percent  design  speed. 
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8.0 

7.6 

7.2 

6.8 

8.0 

d7.6 
.A . 
3 
d 
d 

$ 7 . 2  

6.8 

point. 
8.0 

7.6 

7.2 

6.8 
Circumferential distance, in. 

(f) With cone fairing. Blade angle, 43O; average stator-inlet Mach num- 
ber, 1.32; static- to total-pressure ratio, 0.3512; surge point. 

Figure 10. - Concluded. Profiles of constant recovery  factor for stator 
1 at 90-percent  design speed. 
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I= Suction 1 Chamel vldth Pres- 
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0 .4 .8 1.2 1.6 2 .o 2.4 

CFrcumferential distance, In. 
T l g u r e  L1. - ProfFleB o f  constant Mach number for stator 1 at blade-angle setting 

of UP (design) at 90-percent-qeed surge point without cone fairing. 
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Figure 12. - Photograph of stator 2 a t  mean-radluus blade angle of 43'. 
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1 

Stator-inlet  relative Maah number, 

Figure 13. - Performance of stator 2 a t  blade anglee of 4.0' (design), 
35O, and 43O at surge point with cone fairing. 
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1.0 

g 1 . 6  
2 
e 
a 

.6 

Axial distance,   in .  

( a )  Equivalent  rotor  speed, 'IO-percent design;  average 
8tator- lnlet  Mach number, 1.02. 

Figure 16. - S t a t i c  preeeures on eta tar  2 a t  blade angle 
of uo at surge points.  
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(b) Equivalent rotor speed, 90-percent design; average stator- 
inlet Wah numbr, 1.296. 

Figure 14. - Cmcluded. Static g r t s s u n s  011 stator 2 st 
blade angle of 430 at surge points. 
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Circumferential distance, In. 

Figure g. - Prof'lles of canstant recovery factor for etator 2 a t  black angle setting 
of 43 a t  90-percent design speed with cone fair-. Average s t a t o r - M e t  &ch 
nWer ,  1.295; e ta t ic -  t o  total-preemre r a t i o ,  0.3658. 6 
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Figure 16. - Performance of stator 3 at blade angle8 of 4S0 (deslgn) 
and 38O with cone  fairing. 
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Buction 1 Channel width Preasure I 

" . V  

(a) Rotor speed, 50-peroent design; average stator-inlet Mach number, 
0.75; static- to total-pressure ratlo, 0.6886. 

8 .  

c 
rl 

. 7 .  

6 .  0 
(b) Rotor speed, 70-percent design; average stator-inlet Mach number, 
1.00; static- to total-pressure ratio, 0.528. 

Circumferential distance, in. 

(c) Rotor speed, 90-percent design; average stator-inlet Mach number, 
1.20; static- to total-pressure ratio,  0.412. 

Figure 18. - Profiles of constant recovery  factor f o r  stator 3 with  cone 
fairing at  design blade angle of 430. 
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8 .  

7. 

7. 

d 
d . 6 .  

3 8.0 

p: 
(d 
z 

7.6 

7.2 

6 . 8  0 .4  .8 1.2 1.6 2.0 2.4 2.8 
Circumferential  distance, in. 

(lo) Rotor  speed,  90-percent design. 

Figure 19. - Profiles of constant Mach number for stator 5 with cone 
fairing at design blade angle 0f.43~. 
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Average s t a t o r - m e t  Lch number, 

Figure 20. - Variation o f  ratio of average t o t a l - p r e s w e   r a t i o  a t  station 7 t o  that a t   s t a t i o n  5 
v l t h  statim 5 h c h  nwiber for ro tor  alone. 




